This recently developed magneto-spectroscopic probe exploits the unique advantages of hard X-rays (i.e., chemical selectivity, bulk sensitivity, and low self-absorption at the K pre-edge) and can be advantageously combined with transmission electron microscopy and electron energy loss spectroscopy to quantitatively elucidate the buried internal structure of complex objects. The detailed information on the structure of the nanoparticles allows understanding the influence of the interface quality on the magnetic properties.
Introduction
In recent years core-shell (CS) nanoparticles have become increasingly appealing to develop efficient ways to stabilize, functionalize and improve the properties of single-phase nanoparticles. Traditionally shells were developed as protecting layers for the nanoparticles, but it was soon realized that, in fact, they could be used as an active part of the novel structure. This initiated a new, rapidly expanding eld in CS nanoparticle synthesis. [1] [2] [3] [4] [5] [6] Thus, novel families of CS nanoparticles are continuously emerging that exhibit the combination of diverse materials (oxides, metals, organics, semiconductors and so on) with dissimilar properties (e.g., magnetic, optical, catalytic, or biomedical). [7] [8] [9] [10] [11] [12] The synergetic combination of material characteristics usually leads to multifunctional systems with original or enhanced properties which frequently depend critically on the morphological parameters of the structure. Moreover, the interactions between the core and the shell can be used to further tune the functionalities of the CS systems. Notably, a particularly active eld in CS nanoparticles is the study of bi-magnetic CS nanoparticles, 13, 14 where applications in magnetic recording, 15 permanent magnets, 16 microwave absorption, 17 or biomedical applications 7, 10, [18] [19] [20] are currently being developed. Given the critical role of the CS morphology (i.e., core diameter, shell thickness and shape), the constituting materials and their interface in establishing the nal properties of the nanoparticles, the precise determination of these parameters is crucial for the understanding and ne tailoring of the functionalities of CS systems. However, this type of characterization is far from simple and oen it is only the combination of several characterization techniques that allows solving the CS internal structure. High-resolution transmission electron microscopy (HR-TEM) images, in particular, in combination with electron energy loss spectroscopy (EELS) or energy dispersive X-ray spectroscopy, provide precise local morphological information. 21, 22 However, typically only a small number of particles can be analyzed, so that averaged properties can be hard to determine. In contrast, conventional diffraction techniques (e.g., small angle X-ray and neutron scattering, SAXS 23 and SANS 24 ) allow macroscopic amounts of sample (i.e., millions of nanoparticles) to be studied, but they have only limited chemical selectivity (unless more complex anomalous-SAXS is used 25 ). X-ray spectroscopic techniques such as so X-ray absorption (XAS), particularly in combination with X-ray magnetic circular dichroism (XMCD) for ferro-and ferri-magnetic systems, can potentially complement the information obtained from other techniques and provide insight into the electronic and magnetic structures of the systems. [26] [27] [28] Remarkable illustrations are given in, for example, ref. [29] [30] [31] [32] [33] [34] [35] , where accurate information on site and valence distribution was obtained from so XAS/XMCD in single-phase ferrite nanoparticles. For multiphased systems with complex internal structures such as CS nanoparticles, a quantitative analysis using so XAS and XMCD may however be more challenging since (i) in uorescence yield detection mode, severe spectral distortion due to self-absorption effects, which are difficult to correct for, oen limits a detailed quantitative analysis; (ii) in total electron yield detection mode the probing depth is rather small (60% of the signal comes from the top 2 nanometers) 36 and consequently the signal is strongly depth dependent. Nevertheless, valuable internal information can be obtained from so XAS-XMCD measurements in transmission for sufficiently thin, homogenous structures, 37 and even using total electron yield detection by a thorough and careful analysis procedure.
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Recently, it was shown that resonant inelastic X-ray scattering spectroscopy (RIXS) combined with magnetic circular dichroism (RIXS-MCD) in the hard X-ray range can be a valuable alternative to so X-ray XMCD, when using demanding sample environments (such as liquid or gas cells), or when investigating materials whose surface may not be representative of bulk properties. 39 RIXS is a two-photon spectroscopy technique, which probes the same nal state conguration as the L 2,3 absorption edges when it is performed over the K preedge range, however using hard X-ray photons. 40 Thus, RIXS-MCD is expected to yield information about magnetic moments similar to so XMCD combined with the advantages of a hard X-ray probe. 39, 41 In this work, we investigate the structure of bimagnetic (Fe,Mn)-based CS nanoparticles with appealing magnetic properties that depend on the interdiffusion, 26,27 using a combination of structural, imaging, electronic and magnetic probes. RIXS-MCD used at the Fe and Mn K preedge combines (i) the chemical selectivity of core spectroscopy techniques, (ii) the bulk sensitivity of hard X-rays, (iii) the possibility to measure a large amount of CS particles, and (iv) the high energy resolution of RIXS spectroscopy.
42 RIXS-MCD elucidates the structure of the CS nanoparticles demonstrating unambiguously, not only the presence of a magnetic g-Fe 2 O 3 core and a Mn 3 O 4 shell, but also evidencing directly the existence of an intermediate interdiffused magnetic shell of Fe-Mn-oxide. Further quantitative analysis is made using the particle size obtained from TEM-EELS measurements, which allows conclusion on the bulk-average thickness of the core as well as the inner and outer shells. Elucidating the detailed internal structure of the particles provides a thorough understanding of the bulk magnetic properties measured by magnetometry and First-Order Reversal Curves (FORC), in particular, of the inuence of the interface quality and the origin of magnetic anisotropy.
Results and discussion

Structural and morphological characterization
The CS nanoparticles were synthesized by a seeded-growth approach, where a Mn-oxide layer was grown on pre-synthesized Fe-oxide nanoparticles (seeds). As evidenced by TEM (ESI Fig. S1 †) both the CS nanoparticles and the seeds are roughly spherical, although they exhibit some facets and the overall shape of the CS nanoparticles appears more irregular than for the seeds. This procedure leads to seeds and CS nanoparticles with a high degree of monodispersity (particle size distribution less than 10%) and with an average diameter of 10.9(8) nm and 12.8(8) nm, respectively, which allows estimating the thickness of the outer manganese oxide layer to be $1 nm.
The structural characterization of the CS nanoparticles using Fast Fourier Transform, HR-TEM (ESI Fig. S2a and b †) and powder X-ray diffraction (ESI Fig. S2c †) (Fig. 1a-c) conrm that the particles are irregular in shape, which can likely be assigned to discontinuous growth of the shell (Fig. 1a) . The CS system is probably formed by three different phases. The outer shell, which is about 2 nm thick (at the thickest parts) and highly irregular in shape, maintains a stoichiometry which is closer to manganese oxide (Mn 3 O 4 ) than to g-Mn 2 O 3 . This is in line with the results of TEM-FFT analysis and XRD. In the central region of the particle, where the composition is roughly constant over a thickness of 6 nm, the spectrum is dominated by the presence of iron ions although a weaker signal attributed to manganese atoms is also detected. This is unavoidable since the electron beam goes through the whole particle, i.e., both the core and the shell(s). Thus two possibilities can be considered for the composition of the core: either the core is formed by solely iron oxide Fe 3 O 4 or g-Fe 2 O 3 (e.g., the iron cubic spinel phase -in this case, the Mn signal would arise only from the shell) or the core is formed by a mixed manganese iron-rich oxide (Mn x Fe 3Àx O 4 ), where diffusion of Mn ions from the shell must have taken place. In both cases, unfortunately, the shape of the shell is too irregular to allow even a semi-quantitative analysis by assuming a spherical symmetry of each layer. 21, 44 Indeed, the apparent composition of the inner shell covering the entire core depends strongly on its thickness: its chemical composition shows a gradient of iron and manganese ions, with a higher concentration of iron ions close to the core surface, and a higher concentration of manganese ions close to the shell. From the overall analysis, the CS nanoparticles can be described as a core of Mn x Fe 3Àx O 4 or of iron oxide Fe 3Àz O 4 of about 3 nm in radius (Fig. 1c) surrounded by two different shells: an inner shell formed by a Mn x Fe y -V 3ÀxÀy O 4 layer (V stands for a vacancy in the octahedral subnetwork) with about 3 nm in thickness and an outer shell of varying thickness (0-2 nm) and composition close to pure Mn 3 O 4 .
RIXS-MCD analysis
In order to identify the phases building the inner structure of the particles, RIXS and RIXS-MCD 2D-spectra were recorded at the Fe and Mn K-edges on the CS particles. Additionally, we recorded RIXS and RIXS-MCD spectra at xed emission energy while scanning the incident energy, i.e., XAS and XMCD onedimensional spectra using the so-called High Energy Resolution Fluorescence Detection (HERFD). Note that although HERFD-XAS (HERFD-XMCD) spectra might show strong similarities to XAS (XMCD) spectra, signicant differences may be observed.
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Compared to the TEM-FFT analysis, the added value of EELS and X-ray spectroscopy is obviously the chemical selectivity. However, due to the irregular particle shape, the data available in EELS are not sufficient to allow for a quantitative analysis of the chemical state. Thus, there is strong motivation for using RIXS and HERFD (further combined with XMCD), which will provide valuable average element selective structural and magnetic information on the CS particles. In Fig. 2a the HERFD-XAS data measured at the Fe K-edge on the CS particles and on the seeds used as starting materials are shown. Both spectra are typical for Fe 3+ -bearing compounds, with a white line located at 7132 eV and a pre-edge at 7113.8 eV. The two broad features visible in the edge are found at the same energy positions (at $7140 eV and $7148 eV) for the CS particles and for the seeds. This indicates that Fe ions occupy similar sites in either the CS or the seed, which is compatible with the scenario of the CS particle core being built from the seed. However, the existence of spectral differences, such as, for the CS, the absence of the two shoulders below and above $7125 eV, also shows that a fraction of the core has undergone structural transformations, leading to a new phase not present in the seeds. For both samples, the pre-edge region shows a well-resolved pronounced single feature, as in the case of Fe 3 O 4 and g-Fe 2 O 3 , 45 in which the dominant contribution arises from high spin tetrahedral Fe 3+ due to the existence of intense electric dipole allowed transitions. 46 This suggests that in the seed and CS samples, the dominant contribution arises also from high spin tetrahedral Fe 3+ . However, an analysis based solely on the HERFD-XAS spectra may be misleading, since the relative spectral intensities are highly dependent on the emission energy chosen. 42 The RIXS-MCD plane measured at the Fe K-edge in the seeds (Fig. 3a) provides a more complete view, since it is a 2D plot of the XMCD features as a function of both the incident energy and the energy transfer. Two peaks with opposite signs are visible in the region of the Ka 1 emission (i.e. with an incident energy of $7113.6 eV and energy transfer of $709 eV and $710 eV respectively) and with a normalized peak-to-peak intensity of $16%, which is the spectral signature of tetrahedral Fe 3+ . 39 Comparison with the RIXS-MCD plane measured for Fe 3 O 4 (ESI Fig. S5 †) unambiguously evidences the absence of Fe 2+ in the seeds (no features are visible around $707 eV energy transfer and $7112 eV incident energy), which are therefore mainly composed of g-Fe 2 O 3 . The HERFD-XMCD spectrum (Fig. 2b) is a cut of the RIXS-MCD plane along the diagonal direction with the emission energy xed here at 6403.7 eV; it is a derivative-like signal obtained from the 1D projection of the double feature visible on the RIXS-MCD plane. The existence of a detectable MCD signal for the CS particles evidences that they contain Fe-bearing ferrimagnetic phases. The similarity of the HERFD-XMCD spectra recorded under the same conditions for the CS particles and the seeds, both in shape and intensity (in particular, the absence of a shoulder at 7112 eV), indicates that maghemite g-Fe 2 O 3 is most likely the major Fe-bearing, magnetic phase building the CS particles (i.e., the core). The slight decrease in MCD intensity for the CS with respect to the seeds might be explained by the presence of a magnetic mixed Fe-Mn-oxide with less tetrahedral Fe 3+ than in the seeds, or by the presence of a non-magnetic Fe-bearing phase. However, from the Fe K-edge data alone quantication is difficult, thus the composition of the inner/outer shell cannot be accurately determined.
Further insight into the structure is provided by the data measured at the Mn K-edge. In Fig. 2c the HERFD-XAS spectrum recorded for the CS particles is compared to those of three reference samples, Mn 3 O 4 , g-Mn 2 O 3 and (Mn,Zn) ferrite nanoparticles with composition close to Mn 0.5 Zn 0.5 Fe 2 O 4 and a mean diameter of 18.7 nm (see Methods). The latter are in line with previously published Mn K-edge spectra in similar systems.
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Therefore Mn 0.5 Zn 0.5 Fe 2 O 4 was used as a reference for tetrahedral Mn in magnetic ferrite nanoparticles, consistent with the (Fig. 3b) . Indeed, the fact that a signal is detected evidences directly and unambiguously that a Mn-bearing magnetic phase is present in the sample, and that it is sufficiently abundant, crystallized and magnetically ordered to be detected at room temperature. (Fig. 3c) , which contains only tetrahedral Mn 2+ .
Apart from the difference in intensities, both planes exhibit at the same energies two MCD features with opposite signs, which indicate that Mn 2+ is present in the spinel phase building the inner shell of the CS particle. In addition to the clear identication of the presence of a new phase, we now exploit the intensity measured in RIXS-MCD to quantify the respective size of the different layers building the CS particle. More precisely, we use the peak-to-peak intensity of the HERFD-XMCD measured at the Fe K-edge (Fig. 2b) and at the Mn K-edge (Fig. 2d) for the CS particles and the other compounds. We consider a simplied model (ESI Fig. S6 †) to obtain an estimate of the morphology where we assume that (i) all particles are identical (thus, average quantities will be extracted from the analysis), (ii) the three layers (core of maghemite g-Fe 2 O 3 , inner shell of (Mn x Fe y V 3ÀxÀy )O 4 , and outer shell of Mn 3 O 4 ) are arranged in a spherical "onion-like" structure with respective volumes V core , V inner and V outer , and (iii) the intensity of HERFD-XAS and HERFD-XMCD is dominated by the tetrahedral sites, whose individual contribution is assumed to be $4-5 times more intense than the one of the octahedral sites, due to the existence at the K pre-edge of the intense dipole allowed transitions in tetrahedral symmetry. 49 Indeed, in the K pre-edge region the contribution of tetrahedral sites dominates the XAS spectrum over that of octahedral sites, since the lack of inversion centre in T d symmetry allows electric dipole transitions, which are more intense than electric quadrupole contributions. The formation of an intermediate layer can be justied as a way to stabilize the cubic-tetragonal lattice parameters (see ESI †). 26, 43 The composition of the inner shell is very likely to be a gradient between Mn 3 O 4 and g-Fe 2 O 3 due to cation interdiffusion between both oxides, rather than having a denite composition. This is all the more likely as the conditions of its formation are far from equilibrium. For further quantitative analysis, we therefore assume that the inner shell has an average intermediate composition of (Fe,Mn) 3 O 4 , where Fe and Mn ions are both distributed amongst the crystallographic sites, i.e., with 0.5 ion in the tetrahedral site versus 1 ion in the octahedral site.
The peak-to-peak intensity of the HERFD-XMCD data measured at the Mn edge for the CS and Mn 0. 4 particles provides a relation between V core and V inner (eqn (S6) in the ESI †). By solving these equations using the size of the CS particle determined from the particle size histogram (radius ¼ 6.4 nm, see ESI Fig. S1 †) , one derives the radial distribution of the three layers between the center and 6.4 nm: 0 # core # 5.0 nm # inner shell # 6.1 nm # outer shell # 6.4 nm. This implies a 5.0 nm radius g-Fe 2 O 3 core, a 1.1 nm thick (Fe,Mn) 3 O 4 inner shell and a 0.3 nm thick Mn 3 O 4 outer shell.
TEM-EELS and RIXS-MCD shall be regarded as complementary techniques to obtain the structure of core-shell nanoparticles. On the one hand, it should be taken into account that due to the time consuming measuring process, the EELS analysis is commonly based on a small number of particles, while RIXS-MCD gives a microscale average picture which might slightly differ from that obtained at the nanoscale. Consequently, RIXS-MCD achieves a more direct assessment of the overall average composition of the sample. In addition, it directly evidences the existence of the inner shell due to its sensitivity to phases showing a net magnetic moment such as ferri/ferromagnetic phases. On the other hand, the quantitative analysis of RIXS-MCD relies on TEM-EELS results: (i) the average size of the particles is obtained from TEM analysis and (ii) constraints on the composition of the inner shell are provided by the EELS prole averaged over a few particles. In that prospect, the combination of RIXS-MCD and EELS appears highly valuable, providing complementary pictures of the same object, though at different scales.
Temperature and eld dependence of the magnetization
The three-layer onion internal structure of the CS particles elucidated by TEM-EELS and RIXS-MCD enables to interpret the results obtained on the bulk magnetic properties from magnetometry and FORC measurements. At high temperatures the zero eld cooled (ZFC)/eld cooled (FC) magnetization curves of the CS particle (Fig. 4a) exhibit the typical features of the superparamagnetic (SP) blocking temperature, T B ¼ 195 K, while at low temperature, a second transition at about T ¼ 40 K is also observed. On the other hand, the seeds (Fig. 4a) exhibit a single blocking transition at T B ¼ 155 K. The kink at low temperatures can be related to the known Curie temperature of Mn 3 O 4 , T C $ 40 K, 43 while the high temperature features correspond to core-inner shell magnetism.
Since T B ¼ KV/25 k B , 50 (where K is the magnetic anisotropy constant, V is the volume and k B is the Boltzmann constant), the increase of T B of the CS nanoparticles with respect to the seeds can be attributed either to the volume increase due to the growth of the inner shell and/or to the possible increase of K. Interestingly, the downturn of M at low temperatures (Fig. 4a) implies an antiferromagnetic coupling between the core and the shell magnetizations. 27 However, when compared with nanoparticles with similar size and morphology but with sharp interfaces, 27 it can be seen that the drop of M at T C (Mn 3 O 4 ) is smaller and T B is larger. Both features are consistent with some Fe-Mn intermixing at the interface. Namely, the Mn 3 O 4 counterpart (with low M S and low T C ) is reduced, creating a FeMn-oxide with higher M S and T C . On the other hand, similar CS nanoparticles but with a fully interdiffused interface exhibit a ferromagnetic interface coupling. 26 Thus, since the antiferromagnetic interface coupling is rather sensitive to the interface quality, 27 the magnetic results indicate that the current particles should have only a rather limited interdiffusion, as shown by the RIXS-MCD analysis.
The hysteresis loops measured for both CS and seed nanoparticles (ESI Fig. S3 †) show that the coercive eld for the seeds is around two thirds of the one for the CS, which indicates that the CS nanoparticles are magnetically harder than the seeds. The saturation magnetization for the seeds is larger than the one for the CS, which can be quantitatively understood from the structural model previously determined. Indeed, from the saturation magnetization M S measured from the seeds (65 emu g À1 ) and for the 27 it can be seen that the coercivity H C of the latter is considerably larger (H C (sharp-interface) $ 600 Oe) than the one of the current CS nanoparticles (H C (CS) $ 340 Oe), as expected for core-shell nanoparticles with a slightly interdiffused interface. This is once more consistent with the thickness reduction of the Mn 3 O 4 shell, since H C in strongly exchange coupled hardso systems is directly linked to the volume fraction of the hard phase,
where f is the volume fraction of the so and hard phases, with f hard ¼ 1 À f so .
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First order reversal curve diagrams FORC diagrams were obtained at 20 K on the CS and the seed samples in order to provide information about the coercivity distribution and interaction eld distribution. [52] [53] [54] The FORC diagram obtained at 20 K for the CS sample (Fig. 4b ) is characterized by two peaks, one close to the origin of the diagram, corresponding to SP grains, and the other one on the horizontal axis, centered at a coercivity H C around 40 mT, corresponding to the grains that are stable single-domain (SSD). The main difference in the FORC diagrams is the position of the SSD peak, centered at higher H C for the CS (40 mT) than for the seeds ($20 mT), as evidenced also in the hysteresis loops (ESI Fig. S3 †) . As discussed above, this arises from the strong exchange coupling between the so core and the hard shell which leads to a H C determined by the relative amount of hard/so phases.
However, the small increase in H C with respect to the seeds indicates that the hard shell is rather thin, which is consistent with the formation of an intermediate shell with somewhat low anisotropy. Moreover, the SSD peak of the CS sample is considerably broader along the abscissa than the one of the seeds. This is also an indication of a broader distribution of switching elds as expected from a hard-so coupling. In fact in continuously graded anisotropy thin lms the FORC switching eld distributions are known to be rather broad.
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Hence, the core-shell nanoparticles may be thought of as a gradient anisotropy material with a so-core/intermediateinner-shell/hard-outer-shell.
Interestingly, the FORC distribution along the ordinate axis is also different for the two samples: the contours for the CS sample are more spread around the vertical axis than for the seed sample, which indicates stronger magnetic interactions (Fig. 4c) . This is even more evident when the FORC distributions are normalized (ESI Fig. S4 †) . 57 Namely, the full width at half maximum of the FORC distribution of the CS sample (FWHM ¼ 35 mT) is about twice that of the seed sample (FWHM ¼ 15 mT), independently of the coercivity eld at which the prole is taken. Thus, the strong magnetic interactions between the core and the shells of individual CS particles dominate the FORC diagram. 
Conclusions
We have combined the recently developed RIXS-MCD magneto-spectroscopic technique, in combination with TEM-EELS, magnetometry and FORC measurements, to elucidate the detailed composition, morphology and magnetic properties of Fe-oxide-Mn-oxide core-shell nanoparticles. The individual signature of an interdiffused inner shell was directly evidenced, for the rst time, by RIXS-MCD. Our combined TEM-EELS, RIXS-MCD approach gives a multilayered (onion) g-Fe 2 O 3 (5.0 nm)/(Fe,Mn) 3 O 4 (1.1 nm)/Mn 3 O 4 (0.3 nm) structure, which enables a quantitative understanding of the bulk magnetic measurements. The simplicity of the RIXS-MCD experiment, where samples can be investigated "as is", and that of the corresponding analysis demonstrate its great potential as a novel, highly sensitive way to provide bulk-type magnetic information in multi-phased systems. In fact, given the increasing complexity of materials for magnetic devices involving multiple layers composed of dissimilar materials (e.g., read/write heads, sensors, magnetic random access memories) or materials with graded compositions for improved performance (e.g., gradient anisotropy for magnetic recording) RIXS-MCD may prove to be a very powerful tool not only for core-shell nanoparticles but for other advanced magnetic materials exhibiting buried layers.
Methods
Synthesis of the CS nanoparticles
The CS nanoparticles were synthesized by a seeded-growth approach, where pre-synthesized Fe-oxide nanoparticles were used as seeds for the growth of the Mn-oxide layer.
58 Following Park et al., 59 the Fe-oxide seeds were prepared by adding a given amount of iron (III) oleate and 1 mmol of oleic acid into 36 mL of 1-octadecene. The mixture was heated in Ar under magnetic stirring, with a heating rate of 3 C min
À1
, up to 320 C and kept for 30 min. The slurry was removed from the heating source and allowed to cool down to room temperature. The heterogeneous growth of the manganese oxide layer on the Fe-oxide seeds was carried out by adding 42 mg of initial seeds in a solution containing 0.6 mmol of manganese (II) acetylacetonate, 0.6 mmol of 1,2-hexadecanediol, 0.3 mmol of oleylamine, 0.3 mmol of oleic acid and 40 mL of dibenzyl ether. 26, 27 The slurry was mechanically stirred and heated, under an Ar controlled atmosphere, with a heating rate of 10 C min À1 , until 200 C and kept for one hour. The ask was removed from the heating source and cooled down in Ar to room temperature. Both the seeds and the CS nanoparticles were washed by several cycles of coagulation with ethanol, centrifugation at 2000Âg, disposal of supernatant solution and re-dispersion in hexane.
Structural and morphological characterization
TEM images were obtained using a Jeol-JEM-2010 microscope with a LaB 6 lament and a Jeol-JEM-2010F microscope with a eld-emission gun operated at 200 kV. The nanoparticles were dispersed in hexane and then placed dropwise onto a holey carbon supported grid. The particle size of the seeds and the CS nanoparticles and its standard deviation were obtained by calculating the number average by manually measuring the equivalent diameters of more than 200 particles from TEM micrographs. EELS spectra were acquired at about every 0.5 nm along the diameter of the nanoparticles at an energy range containing the O-K, Mn-L 2,3 and Fe-L 2,3 edges, with an energy resolution of 0.8 eV. Mn/O and Fe/O quantication was carried out using the Gatan Digital Micrograph commercial soware. The composition prole shown in Fig. 1c is averaged over the data measured for three different particles. XRD patterns were collected using a PANalytical X'Pert Pro diffractometer with Cu Ka radiation. The measurements were carried out in a range of 10-100 2q in steps of 0.012 and a collection time of 300 s. The composition of the (Mn,Zn) ferrite nanoparticles was analyzed using the Cameca SX50 electron microprobe at the CAMPARIS Facility (Université Pierre et Marie Curie, France) using a 15 kV voltage with a 40 nA beam current. X-ray intensities were corrected for dead time, background and matrix effects using the PAP correction procedure. has only a limited impact on the results presented in this work.
For an inversion degree of 20%, the thicknesses of the inner shell and the core change only by 0.06 nm and 0.1 nm respectively.
Resonant inelastic X-ray scattering combined with magnetic circular dichroism
The RIXS and RIXS-MCD experiments were carried out at beamline ID26 of the European Synchrotron Radiation Facility (Grenoble, France). Measurements were performed at room temperature at the Fe and Mn K-edges. In the case where the empty 3d orbitals of the absorber are not hybridized with empty p levels, the two steps involved in the 1s2p RIXS process are the following: (i) the absorption step has a pure electric quadrupole origin, i. 
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The RIXS-MCD experiments were carried out with the same setup as for HERFD and RIXS, the differences being that (i) the incident beam is circularly polarized (instead of being linearly polarized in the case of HERFD/RIXS), (ii) samples are kept in magnetic saturation. The circular polarization was obtained using a 500 mm thick diamond (111) quarter wave plate set downstream the Si(311) monochromator, with a polarization degree of about 75%. The magnetic eld (H ¼ 0.3 T) was generated using a permanent Nd 2 Fe 14 B magnet. The RIXS-MCD planes were recorded by reversing the photon helicity aer every two constant emission energy scans. The RIXS-MCD and HERFD-MCD spectra were recorded in the region of the Fe and Mn K pre-edge. They were normalized to 100% incoming circular polarization degree and to the pre-edge maximum. As self-absorption corrections were found to be weak in the preedge range and that all MCD spectra are normalized to the preedge maximum, we assume that self-absorption effects do not impact our analysis.
Magnetic measurements
The temperature dependence of the magnetization, M(T), was measured under eld cooled and zero eld cooled conditions in H ¼ 20 Oe using a SQUID magnetometer. Hysteresis loops, up to a 70 kOe maximum eld, were measured at 10 K aer eld cooling in H ¼ 20 kOe from room temperature using a SQUID magnetometer.
The saturation magnetization at 10 K and 4 T are found to be 35 63 Diagrams were plotted with a smoothing factor of 5.
